Whereas several mammalian proteins can restrict the replication of HIV-1 and other viruses, these are often not expressed in relevant target cells. A potential method to inhibit viral replication might therefore be to use synthetic transcription factors to induce restriction factor expression. In particular, mutants of the RNA-guided DNA binding protein Cas9 that have lost their DNA cleavage activity could be used to recruit transcription activation domains to specific promoters. However, initial experiments revealed only weak activation unless multiple promoter-specific single guide RNAs (sgRNAs) were used. Recently, the recruitment of multiple transcription activation domains by a single sgRNA, modified to contain MS2-derived stem loops that recruit fusion proteins consisting of the MS2 coat protein linked to transcription activation domains, was reported to induce otherwise silent cellular genes. Here, we demonstrate that such "synergistic activation mediators" can induce the expression of two restriction factors, APOBEC3G (A3G) and APOBEC3B (A3B), in human cells that normally lack these proteins. We observed modest activation of endogenous A3G or A3B expression using single sgRNAs but high expression when two sgRNAs were used. Whereas the induced A3G and A3B proteins both blocked infection by an HIV-1 variant lacking a functional vif gene by inducing extensive dC-to-dU editing, only the induced A3B protein inhibited wild-type HIV-1. These data demonstrate that Cas9-derived transcriptional activators have the potential to be used for screens for endogenous genes that affect virus replication and raise the possibility that synthetic transcription factors might prove clinically useful if efficient delivery mechanisms could be developed. 
Whereas several mammalian proteins can restrict the replication of HIV-1 and other viruses, these are often not expressed in relevant target cells. A potential method to inhibit viral replication might therefore be to use synthetic transcription factors to induce restriction factor expression. In particular, mutants of the RNA-guided DNA binding protein Cas9 that have lost their DNA cleavage activity could be used to recruit transcription activation domains to specific promoters. However, initial experiments revealed only weak activation unless multiple promoter-specific single guide RNAs (sgRNAs) were used. Recently, the recruitment of multiple transcription activation domains by a single sgRNA, modified to contain MS2-derived stem loops that recruit fusion proteins consisting of the MS2 coat protein linked to transcription activation domains, was reported to induce otherwise silent cellular genes. Here, we demonstrate that such "synergistic activation mediators" can induce the expression of two restriction factors, APOBEC3G (A3G) and APOBEC3B (A3B), in human cells that normally lack these proteins. We observed modest activation of endogenous A3G or A3B expression using single sgRNAs but high expression when two sgRNAs were used. Whereas the induced A3G and A3B proteins both blocked infection by an HIV-1 variant lacking a functional vif gene by inducing extensive dC-to-dU editing, only the induced A3B protein inhibited wild-type HIV-1. These data demonstrate that Cas9-derived transcriptional activators have the potential to be used for screens for endogenous genes that affect virus replication and raise the possibility that synthetic transcription factors might prove clinically useful if efficient delivery mechanisms could be developed. T he clustered, regularly interspaced, short palindromic repeats (CRISPR)-associated (Cas) system initially evolved in bacteria as an adaptive immune response that can block infection by DNA bacteriophages or the uptake of plasmids (1, 2) . The effector arm of type II CRISPR/Cas systems relies on a single protein, called Cas9, that is guided to specific DNA targets by two small RNA molecules called the transactivating CRISPR RNA (tracrRNA) and CRISPR RNA (crRNA) (3) . These two RNAs can be fused to generate a single guide RNA (sgRNA), which contains the sequences required for Cas9 binding as well as a short sequence of ∼20 nt that is complementary to the target DNA (4, 5) . Once bound to the target DNA, Cas9 introduces a double-stranded DNA break that, in bacteria, results in loss of the target DNA (1, 2) . Importantly, this ∼20-nt sequence can be readily changed and combinations of Cas9 bound to artificial sgRNAs have also proven very effective at cleaving specific DNA targets in eukaryotic cells, including human cells (3) . These cleavages can result in gene inactivation, due to repair by error prone nonhomologous end joining, or can be used to introduce specific sequence changes into the human genome, if an appropriate DNA sequence is provided in trans to promote homologous recombination.
Whereas the CRISPR/Cas system therefore initially evolved, and is also primarily used, as a tool for introducing specific sequence changes into the genome, Cas9 also has the potential to be used as a vehicle to deliver functional modules to specific sites on the genome. In particular, mutational inactivation of the two independent DNA cleavage modules in Cas9 gives rise to a protein called dCas9 that will bind with high specificity to a genomic DNA target that is complementary to the sgRNA used but is no longer capable of cleaving the bound DNA (6, 7) . One potential application of the dCas9 protein would be to specifically activate individual human genes by fusing dCas9 to a potent transactivation domain, such as that found on VP64 (8) (9) (10) (11) . However, initial efforts to activate specific genes using this approach proved relatively ineffective unless sgRNAs targeting multiple sites within a given promoter were used, thus indicating that efficient activation of a given promoter would require the development of improved methods to recruit multiple, ideally synergistic, transcription activation domains to a promoter.
To address this problem, Konermann et al. (12) devised a method to recruit multiple proteins to a DNA sequence using a single sgRNA. They replaced the two terminal loops present in the sgRNA, which do not contribute to either Cas9 or DNA binding, with two minimal hairpins that selectively bind the dimeric MS2 bacteriophage coat protein. The MS2 coat protein was then expressed in the form of a fusion protein consisting of MS2 linked to two potent transcription activation domains derived from the NF-κB subunit p65 and from heat shock factor 1 Significance Cells encode several effective antiviral proteins, yet these are sometimes not expressed in infected cells. Using a synthetic transcriptional activator based on the bacterial RNA-guided DNA binding protein Cas9, we demonstrate the efficient induction of two antiviral effectors, APOBEC3G (A3G) and APOBEC3B (A3B), in human cells that normally express neither protein. A3G is susceptible to degradation by the HIV-1 Vif protein, whereas A3B is resistant to Vif. As a result, only the induced A3B inhibited wild-type HIV-1 infectivity. However, both induced factors blocked the replication of a Vif-deficient HIV-1 mutant. These data demonstrate that Cas9-derived transcription factors can effectively induce human genes that regulate virus replication, thus setting the scene for their use in genomic screens to identify such factors.
(HSF1). A combination of plasmids expressing a dCas9/VP64 fusion protein, the MS2-p65-HSF1 fusion protein, and the sgRNA(MS2) single guide RNA fusion is therefore predicted to recruit nine diverse transcription activation domains to each sgRNA target DNA and, indeed, Konermann et al. (12) reported potent activation of several human genes when this complex, which they term a "synergistic activation mediator" (SAM), was recruited to DNA targets located within 200 base pairs (bp) of the transcription start site.
From the virological perspective, these newly developed molecular tools have the potential to open up a number of avenues of research. For example, dCas9-based programmable SAMs could be used to globally investigate the effects of individual human gene products on viral replication or latency. As proof of principle, we here present data showing that the recruitment of SAMs to either the apolipoprotein B mRNA-editing enzyme catalytic polypeptide (APOBEC) APOBEC3B (A3B) or APO-BEC3G (A3G) promoter in human cells that normally do not express either restriction factor (13, 14) results in a dramatic and specific induction in either A3B or A3G expression. Moreover, we observed that the cells expressing induced endogenous A3G or A3B became unable to produce infectious particles of a Vifdeficient (ΔVif) HIV-1 provirus and gave rise to a characteristic pattern of C-to-T mutations in the defective proviruses produced upon viral infection (15) (16) (17) . As expected, wild-type HIV-1, expressing the Vif protein, induced the degradation of the induced A3G, but not A3B, protein and was able to overcome the induced restriction in cells expressing the former, but not the latter, protein (13, (18) (19) (20) (21) . These data demonstrate a simple method for inducing the expression of endogenous human proteins that can either facilitate or hinder viral replication. Importantly, this dCas9-based method of transcriptional activation of endogenous genes via their normal promoter element is potentially superior to simply transfecting cells with cDNA expression plasmids as it allows all potential isoforms of a given protein to be expressed simultaneously. Moreover, this method is adaptable at a genome scale to search for factors that affect virus replication (12) .
Results
To determine whether recruitment of dCas9-based programmable SAMs (12) to the promoter element of an antiviral restriction factor would result in a level of expression that would convert a normally permissive cell (i.e., able to replicate HIV1ΔVif) into a nonpermissive cell, we focused on two members of the APOBEC3 family of restriction factors. A3G is normally expressed in primary T cells and macrophages and potently restricts the replication of HIV-1 ΔVif (19) (20) (21) . In the absence of Vif, A3G is packaged into newly produced virions where it edits dC residues to dU residues on the newly synthesized minus DNA strand produced during reverse transcription, resulting in the production of fewer DNA proviruses and extensive mutagenesis of those that are produced (16, 17) . However, in the presence of Vif, A3G is degraded and HIV-1 infectivity is unaffected (19) (20) (21) (22) (23) . Like A3G, A3B is also an effective inhibitor of HIV-1 replication and acts via a very similar mechanism, though the sequence context of edited dC residues differs between A3G and A3B, being 5′-CC*-3′ in the former case and 5′-TC*-3′ in the latter (13, 18) . However, A3B differs from A3G in that it is not expressed in primary T cells or macrophages (24, 25) and A3B expression is, in fact, normally restricted to pluripotent cell types, such as embryonic stem cells, where it functions as an effective inhibitor of retrotransposon mobility (26, 27) . Importantly, perhaps because A3B is not normally expressed in the cells that are infected by HIV-1 in vivo, A3B is also refractory to inhibition by Vif and therefore inhibits wild-type HIV-1 and HIV-1ΔVif equivalently (13, 18) .
To identify sgRNA target sequences that would permit efficient activation of the endogenous A3G promoter, but not the A3B promoter, by a dCas9-derived SAM, and vice versa, we aligned the A3G and A3B promoter regions and selected two sgRNA sequences specific for each promoter sequence for analysis ( Fig. 1) . Binding of the Streptococcus pyogenes (Spy) Cas9 protein to a given DNA sequence is mediated by an invariant sequence, called the protospacer adjacent motif (PAM), which is directly bound by the Spy Cas9 protein and has the sequence 5′-XGG-3′ (3). In addition, binding requires essentially complete complementarity to the "seed" region of the sgRNA, which is the 3′ ∼13 nt of the target complementary region of the sgRNA (28) . We therefore inspected the A3G and A3B promoter sequences (29, 30) for targets within the −200 to −1 promoter sequence (where +1 is the transcription start site) for potential Spy Cas9 binding sites that were present in one promoter but potentially mutationally inactivated in the second promoter. In the case of the A3G promoter, we identified two potential target sites for Spy Cas9, located at −91 to −69 and at −46 to −24, that were lacking in the A3B promoter due to loss of the PAM sequence (Fig. 1 ). In the case of the A3B promoter, we noted two target sites, between −161 and −139 and between −124 to −102, which bore either six or two point mutations in the sgRNA seed in the same region of the A3G promoter (Fig. 1) . To test these for activity and specificity, we cloned the relevant segments of the A3G or A3B promoter upstream of a minimal TATA box linked to the firefly luciferase (FLuc) indicator gene and then cotransfected each of the indicators, together with plasmids expressing the cognate sgRNA(MS2) guide, as well as the dCas9-VP64 and the MS2-p65-HSF1 fusion proteins (12), into HeLa cells. As shown in Fig.  2A , both A3G promoter-specific guides, called sgG1 and sgG2, activated the A3G promoter by >1,000-fold but did not affect the A3B promoter. Similarly, the A3B-specific sgRNA sgB1 activated the A3B promoter by >100-fold but did not affect the A3G promoter (Fig. 2B) . Finally, the A3B-specific sgB2 guide RNA activated the A3B promoter by ∼800-fold but also had a weak but readily detectable activity on the analogous A3G promoter fragment, resulting in an ∼10-fold activation of this promoter (Fig. 2C) . We note that the A3G promoter retains the PAM used by sgB2 that is present in the A3B promoter and that the sgB2 sgRNA has only two seed sequence mismatches to the A3G promoter sequence ( Fig. 1) , thus perhaps explaining this weak residual activity.
We next asked whether any of these sgRNAs would be able to induce expression of the endogenous A3B or A3G gene in a human cell line, 293T, that normally expresses neither protein (13, 14) . Although the paper initially describing the SAM methodology reported no evidence of synergy when multiple sgRNAs were used (12) , we also wished to ask if we could see detectable synergy between sgRNAs in our system, given previous reports demonstrating strong synergy when a simpler system using only a dCas9-activation domain protein as an inducer of transcription was tested (8) (9) (10) (11) . For this purpose, we cotransfected 293T cells with expression plasmids encoding dCas9/VP64 and MS2-p65-HSF1 as well as plasmids encoding either one or both sgRNAs specific for the A3B or A3G promoters and then examined the pattern of APOBEC3 protein expressing by Western blot using a rabbit polyclonal antiserum that recognizes both A3G and A3B ( Fig. 3 and Fig. S1 ).
As expected, 293T cells expressing both fusion proteins but no sgRNA (Neg) did not give a detectable signal at the size predicted for either A3G or A3B (both are predicted to be ∼46 kDa in size) although we did note the presence of a small protein, of ∼25 kDa in size, that was recognized by this antiserum in all tested cultures and therefore serves as useful loading control.
When 293T cells were cotransfected with a plasmid expressing sgB1, a weak signal, running somewhat slower than the 35-kDa size marker, was detectable (Fig. 3, lane 2 ). This signal likely represents the A3B protein, which migrates at a smaller size than expected and somewhat faster than A3G, even though both proteins are expected to have a similar molecular mass ( Fig. S1 ) (13, 27) . Use of sgB2 produced a slightly stronger signal at the same size but also a band migrating slightly more slowly (Fig. 3 , lane 3). Given that sgB2 can also apparently bind to the A3G promoter ( Fig. 2C) , we considered that this might be induced A3G protein expression. Interestingly, when both sgRNA(MS2) guides specific for the A3B promoter were used together, we observed strong expression of the predicted A3B band and the same low level of the slower migrating, potentially A3G signal seen when sgB2 was used alone (compare lanes 3 and 4 in Fig. 3) .
Use of the sgRNA(MS2) guides specific for the A3G promoter also revealed clear synergy. Both single sgRNA(MS2) guides sgG1 and sgG2 gave rise to single bands at the size expected for A3G and their simultaneous expression revealed a much stronger signal than when either sgRNA(MS2) was used alone (Fig. 3,  compare lanes 5, 6, and 7) . No signal at the size expected for A3B was detected, consistent with the lack of functional binding of either sgG1 or sgG2 to the A3B promoter reported in Fig. 2A . Consistent with the potential of two sgRNA(MS2) guides specific for a single promoter, in this case the A3G promoter, to show synergistic activity, we also observed enhanced activity when both A3G-specific sgRNAs were tested by cotransfection using the A3G rep1 indicator plasmid described in Fig. 2A  (Fig. S2) .
We next asked if induction of either APOBEC3 protein would inhibit HIV-1 replication. For this purpose, we cotransfected 293T cells as described in Fig. 3 but also added a vector expressing an HIV-1 provirus containing the FLuc indicator gene in place of nef (HIV-1WT) or a derivative in which the vif gene had been mutationally inactivated (HIV-1ΔVif) as well as a plasmid expressing the vesicular stomatitis virus (VSV) glycoprotein (pHIT/G) to allow infection of cells lacking CD4 (13, 14) . We harvested the supernatant media at 104 h posttransfection and used these to infect naïve 293T cells. As shown in Fig. 4A , induction of either the endogenous A3G or A3B gene resulted in a profound inhibition of HIV-ΔVif infectivity, with both A3G and A3B reducing the expression of the virus-encoded FLuc gene by ∼10-fold. In the case of HIV-1WT, the high level of inhibition seen upon A3B induction was unaffected, as expected (13, 18) . However, in the and sgG2 activate FLuc expression from a reporter plasmid containing the targeted region of the A3G promoter (A3G rep1) but do not activate a reporter containing the homologous region from the A3B promoter (A3B rep1). (B) A3B sgB1 specifically activates the targeted region of the A3B promoter (A3B rep2) and does not activate via the homologous region of the A3G promoter (A3G rep2). (C) A3B sgB2 strongly activates the targeted region of the A3B promoter (A3B rep3) and modestly activates the homologous region of the A3G promoter (A3G rep3). Data shown represent the average of three independent experiments with SD indicated. Note that the A3G rep1 indicator construct contains both targeted regions of the A3G promoter, whereas the two regions analyzed in the A3B promoter are present in two distinct indicator plasmids. Fig. 3 . Activation of the endogenous A3B and A3G genes in human cells. The 293T cells were cotransfected with pdCAS-VP64 and pMS2-p65-HSF1 plus either pGU6(Neg), pGsgB1, pGsgB2, pGsgB1+pGsgB2, pGsgG1, pGsgG2, or pGsgG1+pGsgG2. At 96 h posttransfection, cells were lysed and analyzed for A3B and A3G protein expression. Induced expression was detected using a rabbit polyclonal antibody that recognizes both A3B and A3G. The combination of two sgRNAs (sgB1+sgB2 in the case of A3B or sgG1+sgG2 in the case of A3G) resulted in the synergistic activation of each endogenous gene. This was also seen with sgG1 and sgG2 when an indicator construct was tested (Fig. S2) . Data shown are representative of three independent experiments. case of A3G, inhibition of the HIV-1WT vector was decreased from ∼90% to only ∼40% inhibition (Fig. 4A) .
We also harvested and lysed the virus-producing 293T cells at the time of supernatant harvest and examined the expression of endogenous A3G and A3B. As shown in Fig. 4B , we detected high levels of A3B expression in both the HIV-1WT-and HIV1ΔVif-expressing cultures (lanes 2 and 5). However, in the case of A3G, expression in the culture producing the Vif+ HIV-1WT was almost undetectable (lane 3), whereas high levels of A3G were seen in the culture expressing HIV-1ΔVif (lane 6). Importantly, we did not see any difference in the level of HIV-1 capsid (p24) expression or in the expression of endogenous β-actin (Fig. 4B) .
If the inhibition in infectivity seen in Fig. 4A is due to the A3G or A3B cytidine deaminase editing the minus strand of nascent HIV-1 proviral intermediates, we should observe C-to-T mutations in the presence of A3B on both HIV-1WT-and HIV1ΔVif-derived proviruses and also in the presence of A3G in the case of HIV-1ΔVif (13, 14, 18, 23 ). As shown in Fig. 5A , we indeed detected a high level of C-to-T mutation when we sequenced segments of the FLuc gene present in both the HIV-1WT and HIV-1ΔVif vector in the presence of A3B and also high levels of C-to-T mutations in the case of HIV-1ΔVif in the presence of A3G. We also noted an increase in the number of , and either pgU6 (Neg), pGsgB1+pGsgB2 (expressing sgRNAs specific for the A3B promoter), or pGsgG1+pGsgG2 (sgRNAs specific for the A3G promoter). Media were changed at 24 h and 96 h posttransfection. Eight hours after the second media change, the virus-containing supernatant media were collected, passed through a 0.45-μm filter and used to infect naïve 293T cells. After an additional 24 h, the infected cells were lysed and analyzed for FLuc expression. Induced A3G was able to efficiently inhibit HIV-1ΔVif infectivity but only modestly inhibited HIV-1WT. In contrast, induced, endogenous A3B protein was able to efficiently inhibit the infectivity of both HIV-1WT and HIV-1-ΔVif. Average of three independent experiments with SD are indicated. (B) The viral producer 293T cells from A were lysed in SDS loading buffer and the lysates analyzed by Western blot. Neither the A3B nor A3G protein could be detected in the control (CTRL) lanes 1 and 4, as expected. Robust expression of the endogenous A3B gene was detected in both HIV-1WT and HIV-1ΔVif expressing cells treated with the combination of the two sgRNAs specific for the A3B promoter (lanes 2 and 5). Induced A3G expression in cells transfected with the two sgRNAs specific for the A3G promoter was readily detected in the cells expressing HIV-1ΔVif (lane 6), whereas A3G expression in the cells expressing HIV-1WT was, as expected, almost entirely blocked by the HIV-1 Vif protein (lane 3). Expression of the viral p24 capsid protein and endogenous cellular β-actin was not significantly changed upon induction of the endogenous A3B or A3G proteins. Fig. 4A , were lysed and total DNA purified using a DNeasy kit (Qiagen). After DpnI digestion to remove possible residual transfected plasmid DNA, a region of the HIV-1 genome was amplified by PCR, cloned, and sequenced. Sequence data were then analyzed for the presence of the expected C-to-T substitutions induced by the APOBEC3 proteins. A3B induced a similar level of C-to-T mutations in the presence and absence of the viral Vif protein (HIV-1WT compared with HIV1ΔVif). A3G induced a substantial number of C-to-T mutations in HIV-1ΔVif and also a small number of G-to-A mutations, which most likely result from deamination of cytidine residues during second strand DNA synthesis. A3G mutagenesis of HIV-1WT was not analyzed due to the observed weak inhibition of the virus by the induced A3G expression (Fig. 4A ) and the almost complete loss of A3G expression in the presence of Vif (Fig. 4B) . Neg control samples, obtained from cultures lacking a targeting sgRNA, were sequenced and revealed a small number of random mutations. (B) The sequence data from A were also analyzed to identify any consensus sequence around edited deoxycytidine residues. We observed different consensus nucleotides at the −1 position, required for mutagenesis by the induced, endogenous A3B protein (5′-TC*-3′) or A3G protein (5′-CC*-3′), and these mirror published data (13, 14) for these two proteins and confirm the specificity of the mutagenesis of HIV-1 proviruses observed upon A3B and A3G induction.
G-to-A mutations, which may have occurred due to editing during second strand proviral DNA synthesis.
A key difference between A3G and A3B is that A3G preferentially edits dC residues in the sequence context 5′-CC*-3′, whereas A3B edits dC residues in the sequence context 5′-TC*-3′ (13, 14, 23) . A shown in Fig. 5B and Fig. S3 , we observed the expected sequence contexts for edited dC residues in the case of both of these distinct human cytidine deaminases.
All of the data reported thus far were generated in 293T cells that, although highly permissive for HIV-1 replication, do not represent a physiologically relevant cell context. To extend these results to human T cells, we selected the CD4+ T-cell line CEM-SS, which expresses neither A3G nor A3B (22, 24) . To express the dCas-VP64 and MS2-p65-HSF1 fusion proteins, as well as the two sgRNAs G1 and G2 specific for the endogenous A3G promoter, we performed sequential transductions with two lentiviral vectors, selecting initially for blasticidin resistance conferred by the lentiviral dCas9-VP64 expression vector. Single cell clones were screened for high dCas9-VP64 expression and then transduced with MS2-p65-HSF1, or with a derivative of the MS2-p65-HSF1 lentiviral vector modified to express both A3G promoter-specific sgRNAs. The transduced cells were then selected for hygromycin resistance and screened for A3G expression by Western blot. As may be observed, the polyclonal transduced CEM-SS cells expressing the dCas9-VP64 and MS2-p65-HSF1 fusion proteins as well as the two A3G sgRNAs gave rise to readily detectable levels of A3G expression, whereas control CEM-SS cells expressing both fusion proteins but no sgRNA remained negative (Fig. S4B) .
To examine the phenotypic consequences of this level of A3G expression, we infected control CEM-SS transductants or the polyclonal A3G+ CEM-SS culture with either HIV-1WT or HIV-ΔVif. After 3 wk in culture, both the control and A3G+ CEM-SS cultures infected with HIV-1WT contained almost no viable cells, as did the CEM-SS culture infected with the HIVΔVif virus. However, the transduced, A3G+ CEM-SS culture infected with HIV-ΔVif virus continued to grow actively. To confirm that this culture had indeed been infected by HIV-1ΔVif and that the infecting virions had encountered A3G activity, we again used PCR to recover HIV-1 proviral sequences from this culture that were then subjected to DNA sequencing. In fact, these samples again contained numerous C-to-T mutations and the edited C residues were again found in the 5′-CC*-3′ sequence context characteristic of A3G editing (Figs. S3B and S4A) .
To further analyze the ability of the induced, endogenous A3G protein to protect CEM-SS T cells from HIV-1 pathogenesis, we subcloned individual cells from the A3G+ CEM-SS culture expressing the dCas9-VP64 and MS2-p65-HSF1 fusion protein, as well as both A3G-specific sgRNAs, and identified clones expressing higher levels (A3G-H) or lower levels (A3G-L) of A3G, as shown by Western in Fig. 6A . Of note, the A3G-H CEM-SS cells express slightly higher levels of A3G than seen in the A3G+ T-cell line CEM, whereas the level of A3G expression in the A3G-L CEM-SS clone is somewhat below that seen in CEM (Fig. S5) . We next transfected the A3G+ CEM-SS cultures, or a control CEM-SS culture, with a replication-competent HIV-1ΔVif-based vector encoding the Nano luciferase (NLuc) indicator gene. All three cultures were transfected with equal efficiency, as determined by measurement of NLuc expression (Fig. 6B) . The virus-containing supernatant was then harvested, filtered, and used to infect naïve CEM-SS cells. As may be observed in Fig. 6C , high-level expression of the endogenous A3G protein almost totally blocked the infectivity of progeny HIV-1 virions, whereas low-level A3G production resulted in an intermediate, but still substantial, reduction in infectious virus production. Therefore, CRISPR/Cas-mediated induction of endogenous, cellular antiviral restriction factors can also exert the predicted phenotype in T cells.
Discussion
The identity of cellular factors that specifically promote or restrict the replication of particular viral species remains of considerable interest. Efforts to identify viral cofactors have generally relied on loss-of-function screens and a number of screens using small interfering RNAs (siRNAs) to down-regulate cellular messenger RNAs (mRNAs) have been reported for several viral species, including HIV-1 (31-33), influenza virus (34, 35) , and dengue virus (36) , although there has been significant variability in the identity of cellular cofactors for HIV-1 identified in different screens (37) . More recently, CRISPR/Cas-based methodologies have also emerged as powerful tools to screen for loss-of-function phenotypes (38) (39) (40) and, as CRISPR/Cas results in complete ablation of a specific gene rather than partial knockdown, these screens may result in the more reproducible identification of cellular genes required for viral replication but dispensable for cellular viability in culture.
Whereas the identification of cellular cofactors for viral replication is of interest, the identification of novel restriction factors for specific viruses has attracted even more attention (16, 17) . In the case of HIV-1, this effort has resulted in the identification of several factors capable of inhibiting primate lentivirus replication, including members of the APOBEC3 protein family, BST2/tetherin, TRIM5α, and SAMHD1 (16, 17) . However, the identification of viral restriction factors remains a challenge, as wild-type viruses have often evolved mechanisms to overcome inhibition by specific restriction factors, including inhibition of A3G by HIV-1 Vif and of tetherin by HIV-1 Vpu. Moreover, many restriction factors are not constitutively expressed but are instead induced upon viral infection, including numerous IFN-stimulated genes (ISGs). Whereas the identification of restriction factors therefore remains challenging, screens for factors whose knockdown using siRNAs enhances viral replication have had some success (41) .
Conversely, a gain-of-function approach that allows the selective and efficient activation of promoters in cultured cells using a cleavage defective Cas9 (dCas9) derivative and a promoterspecific sgRNA would represent a promising tool to screen for cellular factors that can restrict viral replication. However, initial efforts to activate otherwise silent genes using fusion proteins consisting of dCas9 linked to transcription activation domains proved ineffective unless multiple sgRNAs specific for the promoter in question were expressed simultaneously (8-11), which would clearly render screens much more difficult. We were therefore intrigued by a recent report (12) describing a SAM consisting of not only a dCas/VP64 fusion but also a modified sgRNA scaffold containing two MS2 coat protein binding sites, each of which could bind two copies of a fusion protein consisting of MS2 coat protein linked to two transcription activation domains derived from the NF-κB p65 subunit and HSF1. SAMs were reported to efficiently activate cellular genes when guided to a single binding site located <200 bp 5′ to the transcription start site. The use of a single sgRNA per promoter would clearly facilitate gain-of-function screens for cellular genes that can regulate virus replication.
Here, we report proof-of-principle experiments to validate the ability of SAMs to induce the expression of phenotypically relevant levels of two known viral restriction factors, A3G and A3B (13, (16) (17) (18) . We were able to confirm that each of these endogenous human gene products could indeed be induced by the use of sgRNAs specific for either the A3G or A3B promoter (Figs. 1-3 ). In particular, two sgRNAs that functioned via PAMs present in the A3G promoter but lacking in the A3B promoter (sgG1 and sgG2) proved highly selective for activation of A3G expression and this was also true for an A3B-specific sgRNA (sgG1) that targeted a sequence that, in the A3G promoter, retained a functional PAM but had six "seed" mutations. In contrast, an A3B promoter-specific sgRNA that retained a PAM in the A3G promoter and featured only two seed target mutations (sgB2, Fig. 1 ) was not totally specific for A3B, though activation for the A3B promoter was still ∼50-fold higher as determined by indicator assays (Fig. 2C) . Nevertheless, the sgB1 guide did appear to induce modest levels of the endogenous A3G protein expression when expressed in human cells (Fig. 3) .
Whereas the data reported in this manuscript were focused on the activation of endogenous A3G or A3B expression, we did not select these genes because of their potential as actual treatments for HIV-1 but because they provide a convenient and specific inhibitory phenotype. In particular, we note that wild-type HIV-1 is resistant to restriction by A3G, due to the viral Vif protein (Fig. 4B) (19-21) , whereas overexpression of A3B has been associated with mutagenesis of the human genome and transformation (42-44). However, this does not affect the conclusion that activation of endogenous restriction factors using CRISPR/ Cas could be both informative and potentially useful.
Whereas all of the sgRNAs tested activated the expression of their cognate endogenous promoter and gene product when tested in human cells, we observed higher levels of expression of both A3G and A3B when two sgRNAs specific for the cognate promoter were tested simultaneously ( Fig. 3 and Fig. S2 ). This result differs from data reported by the inventors of this technology (12) , who reported that they did not see enhanced gene expression from endogenous promoters when multiple sgRNAs specific for that promoter were tested together. It is unclear why we instead observed a significant degree of synergy (Fig. 3) but this result does raise the possibility that screens using the SAM methodology would require two sgRNAs to assure robust target gene activation, although it is certainly possible that the lower level of expression induced by the use of a single sgRNA (Fig. 3) would suffice to give a phenotypic read-out in some cases. On the other hand, if two sgRNAs are indeed required, then this would have the advantage of increasing the DNA target specificity from ∼15 bp to ∼30 bp, which would assure that only the targeted promoter is fully activated. The potentially high specificity of this activation methodology is supported not only by reporter analysis (Fig. 2) but also by Western blot (Figs. 3 and 4) , which showed that sgRNAs lacking a PAM target in the promoter or lacking extensive seed homology fail to activate very similar nontarget promoters. The fact that A3G, but not A3B, expression is activated in the presence of both the sgG1 and sgG2 guide RNA is further demonstrated by the almost complete degradation of the induced A3G protein in the presence of Vif, which does not have the ability to inhibit A3B expression (Fig. 4B ) (13) as well as by the sequence context of the DNA editing observed, which was the expected 5′-CC*-3′ in the presence of induced endogenous A3G and 5′-TC*-3′ in the presence of induced A3B (Fig. 5 and Fig. S3 ) (13, 18) . We note, however, that two base mismatches in the seed target in the A3G promoter in the sgB2 guide RNA did still permit a modest activation of the A3G promoter as measured by reporter assay (Fig. 2C) and also by Western blot of the induced A3G and A3B proteins (Fig. 3) . These data therefore suggest that full discrimination between promoters in screens using this technology may indeed require the enhanced specificity afforded by the use of two sgRNAs.
Whereas the focus of this work has been on the induction of cellular antiviral restriction factors, using the endogenous A3G and A3B genes as exemplars, we note that this same approach could also be used to induce latent viruses, such as latent HIV-1 proviruses present in resting memory T-cells, while simultaneously treating patients with antiretroviral drugs. This so-called "kick and kill" strategy has been the focus of considerable research focusing on drugs that have the potential to induce latent HIV-1 proviruses by, for example, inducing chromatin modifications or inducing cellular signaling pathways (45, 46) . However, this approach has so far not proven able to activate a substantial percentage of latent proviruses even when drugs that induce high levels of T-cell activation, that would likely induce unacceptable side effects in vivo, were tested. The use of synthetic, Cas9-based transcription factors specific for the HIV-1 LTR U3 promoter might offer an alternative approach to proviral activation that would be far more specific. However, it is not obvious at present how these activators could be efficiently and specifically delivered to latently infected T cells. Nevertheless, if this technical issue can be resolved, then Cas9-based synthetic transcription factors may emerge as a clinically useful tool in the treatment of viral and other disease states.
Materials and Methods
Molecular Clones. The previously described lentiviral vectors encoding the MS2-p65-HSF1 (61426) and dCAS-VP64 (61425) fusion proteins and the sgRNA(MS2) (61427) chimeric RNA (12) were obtained from Addgene (courtesy of Feng Zhang, Broad Institute, Cambridge, MA). The gene inserts from MS2-p65-HSF and dCAS-VP64 were amplified by PCR and cloned into pcDNA3 to create pMS2-p65-HSF1, and pdCAS-VP64. Oligonucleotides encoding sgRNAs, designed to be specific for either the A3B or A3G promoter regions (29, 30) , were ligated into sgRNA(MS2). The U6 promoter cassettes from sgRNA(MS2), with either no sgRNA or containing the inserted promoterspecific sgRNA, were amplified by PCR and then cloned into pGEM3Zf(+) as EcoRI/HindIII fragments to create pGU6, pGsgB1, pGsgB2, pGsgG1, and pGsgG2.
The lentiviral dual A3G guide expression vector was generated by modifying MS2-p65-HSF1 (Addgene 61426) as follows: the A3G sgG2 guide cassette from pGsgG2 was amplified by PCR and inserted into the unique NheI site in MS2-p65-HSF1 to create MS2-p65-HSF1/sgG2. The A3G sgG1 guide cassette from pGsgG1 was also amplified by PCR and inserted into the unique EcoRI site in MS2-p65-HSF1/sgG2 to create the dual guide lentiviral expression vector MS2-p65-HSF1/sgG(1+2).
The FLuc-based indicator construct pGL4.10 (Promega) was digested with BglII and HindIII and complementary synthetic oligonucleotides containing a minimal TATA box were annealed and inserted. This modified pGL4.10+TATA was then digested with XhoI and BglII and oligonucleotides were annealed and inserted to generate the indicator constructs pFLucA3Brep1, pFLucA3Brep2, pFLucA3Brep3, pFLucA3Grep1, pFLucA3Grep2, and pFLucA3Grep3. Oligonucleotide sequences used to generate the sgRNA expression constructs and pFLuc reporter plasmids are listed in SI Materials and Methods.
The HIV-1 proviral FLuc expression vectors pNL-HXB-FLuc (HIV-1WT) and pNL-HXB-FLucΔVif (HIV-1ΔVif), as well as the VSV glycoprotein expression plasmid pHIT/G, have been previously described (13, 14) . The gene for NLuc (Promega) was amplified by PCR and inserted between the unique NotI and XhoI sites of pNL-HXB-LucΔVif (HIV-1ΔVif) to generate pHIV-1-NLuc-ΔVif. The identical strategy was used to construct pHIV-1-NLucWT.
Cell Culture and Transfection. HeLa and 293T cells were cultured in DMEM supplemented with 5% (vol/vol) FBS and gentamicin (Life Technologies). The human CD4+ T-cell line CEM-SS (776, NIH AIDS Reagent Program) was maintained in RPMI-1640 medium, supplemented with 10% (vol/vol) FBS and gentamicin. All HeLa and 293T transfections were performed using polyethylenimine (PEI). All CEM-SS transfections were performed using Lipofectamine LTX (ThermoFisher).
Generation of a CEM-SS Cell Line Expressing Endogenous A3G. The 2 × 10 6 293T cells were transfected with the lentiviral vector dCas9-VP64 (15 μg), the lentiviral packaging plasmid ΔCR8.74 (15 μg) (Addgene 22036), and the VSV-G envelope expression plasmid pMD2.G (3 μg) (Addgene 12259) to generate lentiviral particles that were then used to transduce CEM-SS cells, which do not normally express APOBEC3 proteins (22) . After blasticidin (10 μg/mL) selection, the transduced cells were cloned and a cell clone expressing a high level of dCas9/VP64 was identified. The CEM-SS/dCas9 clonal cell line was then transduced with virus generated in 293T cells using MS2-p65-HSF1-sgG(1+2) or MS2-p65-HSF1, ΔCR8.74, and pMD2.G. Transduced cells were then selected for both blasticidin (10 μg/mL) and hygromycin (25 μg/mL) resistance to generate the polyclonal cell line CEM-SS(A3G), which expresses dCas9/VP64, MS2-p65-HSF1, and A3G sgG(1+2) or the CEM-SS(CTRL) cell line, which expresses dCas9/VP64 and MS2-p65-HSF1 (but no sgRNAs). The CEM-SS high expressing A3G (A3G-H) and low expressing A3G (A3G-H) cell lines were obtained by single cell cloning of the polyclonal CEM-SS (A3G) cell line.
Specificity of A3B and A3G sgRNAs Demonstrated by Reporter Assay. The 3 × 10 5 HeLa cells were transfected in a 12-well dish with 333 ng of a pGsgderived plasmid, 333 ng pMS2-p65-HSF1, 333 ng pdCAS-VP64, and 25 ng of a pFLuc reporter. Cells were lysed and analyzed for induced FLuc expression 24 h posttransfection using the Luciferase Assay System (E1501, Promega), as previously described (13, 14) .
Induction of Endogenous A3B and A3G Detected by Western Blot. The 3 × 10
5
293T cells were transfected in a six-well dish with a total of 3 μg DNA: 1 μg of pGsg-derived plasmid(s), 1 μg pMS2-p65-HSF1, and 1 μg pdCAS-VP64. Media were changed 24 h posttransfection and cells were harvested after an additional 72 h (96 h posttransfection) and analyzed for induced A3B and A3G expression. Lysates were subjected to SDS gel electrophoresis and then transferred to a nitrocellulose membrane. The membranes were probed with a rabbit polyclonal α-A3G antiserum (AIDS reagent 10201), which recognizes both A3B and A3G (Fig. S1 ). The blots were washed and then incubated with an anti-rabbit HRP conjugated antibody. Chemiluminesence was used to visualize bound proteins using the WesternBright Sirius Western blotting detection kit (Advansta K-12043-D20) and the G:Box Imaging System and GeneSys software.
Inhibition and Mutagenesis of HIV-1 by Induced A3B and A3G in 293T Cells. The 2.5 × 10 6 293T cells in a 10-cm dish were transfected with 2.5 μg of pMS2-p65-HSF1, 2.5 μg of pdCAS-VP64, 1.25 μg of each of two pGsg-derived plasmids, 500 ng of pHIT/G, and 5 μg of either the HIV-1WT-or HIV-1ΔVif-derived lentiviral FLuc-expression vector. Media were changed at 24 h and again at 96 h posttransfection. Virus-containing supernatants were collected after an additional 8 h and filtered through a 0.45-μm filter (Pall) before being used to infect duplicate wells each containing 500,000 naïve 293T cells. At 24 h postinfection, one well was lysed and analyzed for FLuc activity. At the same time, the second well was harvested and total DNA purified using a DNeasy Kit (Qiagen). The DNA was DpnI digested to remove any residual plasmid DNA and used as a template for PCR using primers specific to the FLuc gene inserted into HIV-1 in place of the nef gene. The purified PCR product was then digested, ligated into pcDNA, and single colonies were isolated and sequenced. In addition, HIV-1 producer cells were lysed and assayed by Western blot as described above for induced A3B and A3G, the HIV-1 p24 capsid protein, and endogenous β-actin using a rabbit polyclonal α-A3G antibody (AIDS reagent 10201), a mouse anti-p24 antibody (AIDS reagent 3537) (47) , and a mouse monoclonal anti-β-actin antibody (Santa Cruz, sc-47778). 
